Abstract | We review the two kinds of forces that near-resonant light exerts on atoms-the spontaneous force that is used for laser cooling, and the stimulated force that is used for coherent manipulation of atoms. We will discuss an experiment where laser cooling is used to collimate an atomic beam of sodium atoms, and the stimulated force within one period of a onedimensional standing wave is used as a lens to focus the atoms to a narrow line about 20 nm wide. This kind of atom lithography is an example of the general field of atom optics in which light is used to manipulate atoms. is article will serve as a prelude to the rest of the articles in this special issue on cold atoms because we discuss both kinds of forces of nearresonant light on atoms-the spontaneous or scattering force which is used for laser cooling; * and the dipole or stimulated force which is a conservative force and hence can be derived from a potential, in an optical lattice for example. In the experiment described here, transverse laser cooling will be first used to collimate an atomic beam of sodium atoms, then the dipole force within a period of a standing wave (SW) of light will be used as a lens to focus the atoms on to a silicon substrate-this is atom nano-lithography since the deposited line is only 20 nm wide. Most of the results presented here are published in Ref. 1.
general field of atom optics in which light is used to manipulate atoms. is article will serve as a prelude to the rest of the articles in this special issue on cold atoms because we discuss both kinds of forces of nearresonant light on atoms-the spontaneous or scattering force which is used for laser cooling; * and the dipole or stimulated force which is a conservative force and hence can be derived from a potential, in an optical lattice for example. In the experiment described here, transverse laser cooling will be first used to collimate an atomic beam of sodium atoms, then the dipole force within a period of a standing wave (SW) of light will be used as a lens to focus the atoms on to a silicon substrate-this is atom nano-lithography since the deposited line is only 20 nm wide. Most of the results presented here are published in Ref. 1. 1 Spontaneous Force is force arises because each photon carries a momentum of k, where k = π/λ is the wavevector. By momentum conservation, this quantum of momentum gets transferred to the atom each time it absorbs or emits a photon. e momentum transfer is in the direction of the laser beam for absorption, and in a random direction for emission. us, aer n absorption-emission cycles, the average momentum transferred is n k in the direction of the laser beam, because the average for the emission cycles is zero. e random nature of the emission cycles is important for laser cooling because the entropy of the atomic system has to be decreased to achieve cooling, and this decrease in entropy has to be compensated by an increase in entropy somewhere, the somewhere being the photon field in this case.
To understand laser cooling, let us first consider it in one dimension (1D). Imagine a simple case where the atom has just two levels |g⟩ and |e⟩ with a transition frequency ω • , as shown in Fig. 1 . Now consider that the atom is bombarded with identical laser beams from the le and the right sides, both of which are detuned below resonance. If the atom is stationary, Fig. 1(a) shows that the scattering rate (and hence the force) of the two laser beams is equal. However, if an atom is moving to the right with a small velocity v, then the laser beam on the right is Doppler-shied closer to resonance compared to the laser beam on the le. As a consequence, the atom scatters more photons from the right beam and feels a force to the le. e opposite happens for an atom moving to the le-it Doppler shis the le beam closer to resonance, scatters more photons from that beam, and thus feels a force to the right. erefore the force always opposes the motion, and behaves like a frictional force that results in cooling. Another way to think about it is that the detuning below resonance means that the photon has less energy than is required for the atomic transition, it makes up for this shortfall using the kinetic energy of the atom, thus reducing the kinetic energy and cooling the atom in the process. Such a configuration of laser beams has been colorfully called "Optical Molasses" to highlight the fact that the atom feels a viscous drag on its motion. And the 1D model considered above can be readily extended to 3D by having three sets of counter-propagating beams in the three orthogonal directions.
. . e above analysis can be quantified by considering the force due to each laser beam, which is just the photon momentum times the scattering rate. For an atom moving with a velocity v, the force due to the le beam is
where Γ is the linewidth of the transition; I is the intensity of the laser beam, the scale for which is set by the saturation intensity I s defined as the intensity at which the transition gets power broadened by a factor of √ ; and ∆ = ω − ω • is the detuning from resonance in the lab frame (with an additional −kv term in the atom's frame). e detuning is normally measured in frequency units (Hz) as δ, which is ∆/π.
We can show similarly that the force from the right beam is
e total force on the atom is the sum of these two forces, which, in the limit of low intensity and small atomic velocity, can be approximated as
us the total force is linear in ∆ and v, and is a frictional force (∼ −v) when the detuning is negative.
e two forces as a function of velocity along with their sum are shown in Fig. 1(b) . Analysis of the above equation shows that the lowest temperature-called the Doppler cooling limit-is reached when the detuning ∆ = −Γ/, and the temperature reached is k B T min = Γ/. is is the detuning chosen for the curves shown in the figure. e total force is clearly linear with a negative slope for small v. e velocity for which each force reaches a maximum for this detuning is v cap = Γ/(k), which is called the capture velocity of the molasses-the atomic velocity has to be of this order for it to be cooled effectively. In order to give some numbers, for sodium atoms cooled on the D  line used in the experiment, T min =  µK and v cap = . m/s. ough this is a low temperature, one would think that the recoil velocity of the atom aer emitting a photon should be the limit for laser cooling, i.e. the lowest temperature is reached when v rms = k/m a for an atom of mass m a . is temperature is one to two orders of magnitude lower than the Doppler cooling limit considered above. Careful experiments in the 1980's showed that such temperatures could indeed be reached with what is called "polarization-gradient cooling". e mechanism is more complicated, and requires understanding of light shis in atoms for different polarizations, larger detunings, and careful nulling of magnetic fields. e rather involved theory is reviewed extensively in Refs. 2 and 3, but experimentally it is easy to implement. In the experiments discussed here, both Doppler cooling and polarization-gradient cooling have been used, and we will see the difference between the two.
2 Dipole Force is force is a coherent force that arises because the atom is driven coherently between the two levels by the laser. e incoherent nature of spontaneous emission from |e⟩ is ignored, which becomes an increasingly better approximation as the detuning is increased. e easiest way to understand the force is that, as the name implies, it is due to the induced dipole moment in the atom by the light. Since the induced dipole moment is proportional to the amplitude of the incident electric field E • , the energy is proportional to E  • (with a factor of 2 to account for the fact that it is induced and not permanent, the same factor of 2 appears in the familiar energy stored in a capacitor). us the energy is proportional to the light intensity and can cause a force if the intensity is inhomogeneous. One way to create such intensity variation is by having a 1D standing wave using two identical counter-propagating light beams-a 1D optical lattice.
In order to get a quantitative measure of the force, it is useful to define the saturation parameter p given by
because then the force can be derived from the potential
is is the AC Stark shi of the levels by the laser, also called the dressed-state potential. For large detuning |∆|/Γ ≪  which implies p ≪ , so that it can be approximated as
Hence the potential can be expanded as
Ignoring the constant term ∆/, the above expression shows that the potential varies as I/∆, and therefore although the potential becomes more coherent with increasing detuning (the effect of |e⟩ becomes smaller) it comes at the price of requiring more intensity to get the same potential depth.
With increasing detuning, the potential also becomes more harmonic and deeper. is should be clear by looking at Fig. 2 , where we show the potential inside one period of a 1D SW in sodium for three values of detuning. Note that ∆ is taken to be positive so that the potential minimum is at the node of the SW-the atom is then said to be in a "weak-field seeking" state. For comparison, the figure also shows a harmonic potential. Within the SW, the saturation parameter varies as p = p • cos  kx. For each value of detuning, the value of p • is adjusted so that the curvature near the bottom of the well (and hence the time period of oscillation) is the same.
. . 
3 Experimental Details e experiment consists of using a SW of nearresonant light as an array of lenses to focus sodium atoms as they pass through the light, and allowing the focused atoms to deposit on a silicon substrate where they can be imaged with a scanning tunneling microscope (STM).
e setup is shown schematically in Fig. 3 . e sodium source is maintained at 
• C in an ultra-high vacuum (UHV) chamber maintained at a pressure below  − torr using an ion pump. e source produces a beam of atoms with an rms velocity of about 860 m/s and a transverse collimation of about 3 mrad (corresponding to a velocity of 2.6 m/s or a temperature of 9 mK) near the SW interaction region. e collimation is further improved using 1D molasses cooling below the SW. e silicon substrate (typically  ×  mm  ) is clamped rigidly with respect to a mirror used to retroreflect the incoming SW and molasses beams. is ensures that there is no variation in the spatial phase of the SW during deposition. e substrate intersects the SW beam near the intensity maximum and the atoms deposit aer the interaction with negligible free flight.
All the laser beams are derived from a Coherent 899-29 ring dye laser operating with Rhodamine-6G dye at 589 nm. e linewidth of the laser is below 1 MHz. Its output is locked to the required hyperfine transition of the sodium D  line (S / → P / transition) in a separate absorption cell using FM Doppler-free spectroscopy. For this transition, I s = . mW/cm  and Γ/π = . .  MHz. e required frequency offsets for the SW and molasses beams are produced using acoustooptic modulators (AOMs). Both beams are measured to have approximately Gaussian profiles, with beam waists located at the retromirror. e waist radius w • is varied for different experiments, as discussed below.
For each deposition, we use a clean silicon sample with a hydrogen passivated surface. e hydrogen is desorbed in UHV by heating the silicon to 
• C. e in situ heating is crucial for obtaining metallic sodium deposition and making good STM imaging contact. e focused atoms form a grating on the silicon surface, which diffracts in the visible spectrum. e diffraction efficiency gives us a reliable estimate of the fidelity of the grating over the sample, which is useful since the STM image only covers an area of 1 µm  at a time. e sample is transferred to the STM chamber while in UHV and can be imaged cleanly for a few hours (at ≤  − torr) before surface degradation begins to cause some instability in the scans.
We now consider the details of the focusing process in order to design the optimal atom lens for a thermal atom beam. Most of our studies have used the strongest transition in the sodium D  line: from the F = , m F =  ground state to the F ′ = , m F ′ =  excited state, coupled using σ + light. e optical dipole force due to this light within one period of a SW has already been discussed in the last section. In an ideal situation, an atom from a perfectly collimated (i.e. no transverse velocity) and monochromatic (i.e. single longitudinal velocity) beam enters a period of the SW with equal probability across the λ/ potential well. Assuming that the well is perfectly harmonic, the atom has an oscillation period T independent of its amplitude (entry point in the well). erefore, aer a time T/, all the atoms are at the bottom of the well and the beam is perfectly focused.
Within this simple model, we can now understand how the experimental parameters affect the focal width and contrast. First, it is better to have a potential that is as harmonic as possible, which from Fig. 2 means using the largest possible detuning given the total power that we can get from the laser. Large detunings are also advantageous because they give deeper potentials, and atoms are only affected by a potential that is deeper than their initial transverse kinetic energy. Second, in order to be focused by the potential, the atoms must enter the light field in the correct (F = ) ground state. We achieve this in the molasses cooling region. e cooling light (which, as in the SW, drives the F =  → F ′ =  transition) has mixed into it light exactly resonant with the F =  → F ′ =  transition, produced using the δ = . GHz AOM in the experimental schematic shown in Fig. 3 . is serves the dual purpose of pushing the thermal population of F =  groundstate atoms into the F =  ground state, and preventing optical pumping into the F =  ground state during the cooling cycles.
e interaction time in the SW determines how well we satisfy the T/ timing condition. It depends on the longitudinal velocity of the atoms and the waist diameter of the SW beam. Since we use a thermal beam, we have a range of longitudinal velocities and, for each velocity, the focal point is slightly different. is is analogous to the effect of chromatic aberrations when focusing white light. e effect can be reduced by making T as small as possible (by making w • small), so that variations in matching the T/ condition are less severe.
e effect of collimation of the atom beam is similar, since it determines the initial transverse velocity with which atoms enter the potential well. With a finite initial velocity, a given atom reaches the bottom of the potential at a time different from T/. is has an adverse effect on spot size much as collimation does in ray optics. e effect can again be alleviated by reducing T, because a smaller T means that the transverse velocity acquired by the atoms when they reach the bottom of the well is larger and the effect of the initial velocity is less severe.
To summarize, the above analysis indicates that we can obtain narrowly focused lines with good atomic beam collimation; large, positive detunings; and a small interaction length.
Results and Discussion
e experimental results support the general features of the analysis presented above. In Fig. 4 , we . . show a STM micrograph of sodium distribution under optimal focusing conditions, as listed in the figure caption. e polarization-gradient cooling used in the molasses results in a transverse temperature of about 25 µK. e SW beam had a confocal parameter of 1.3 cm, which is the smallest we can use given the 5 mm distance from the sample to the mirror. e sodium grain size from this 35 s deposition is about 6 nm near the line center. e full width at half maximum of the line is 20 nm and the interline contrast is about 10:1; in fact, the roughness of the region between the lines is the same as that of a bare silicon surface, indicating that there is very little sodium present. e high contrast we obtain is partly due to good state preparation. With insufficient repumping light in the molasses beam, a significant fraction of the atoms exit the cooling region in the F =  ground state, forming a uniform background of unfocused atoms.
e importance of collimation and interaction length is shown in Fig. 5 . e detuning and power in the SW were the same as those for Fig. 4 . In Figs. 5(a) and 5(b), the beam was collimated using ordinary Doppler molasses cooling, which as discussed before results in a higher transverse temperature (of about 240 µK), while in Fig. 5(c) the cooling was completely turned off. e roughly linear degradation with both collimation and interaction length is evident from the . . e dependence on SW detuning, seen from the line profiles in Fig. 6 , is consistent with our expectations from the shape of the potentials in Fig. 2 . e focusing conditions are the optimal conditions used for Fig. 4 , except for the two detunings. At δ =  MHz, the focusing is poorer with the contrast being noticeably degraded, mainly because of the larger anharmonic content. e depth of the potential at this detuning (∼  mK) is not a factor when the molasses cooling is on. However, it does become significant when the cooling is turned off (which makes the transverse temperature ∼  mK): we do . . We have also studied the focusing as a function of intensity. We see only a 20% variation in linewidth over a range of a factor of 2. is is partly due to the thermal longitudinal velocity spread, which guarantees that some velocity group meets the T/ condition over this intensity range. It also indicates that chromatic aberrations are not very important at these focal widths.
Conclusions
In conclusion, we have reviewed the two kinds of forces that near-resonant light can exert on atoms. We use the spontaneous force to cool and collimate an atomic beam, and the dipole force inside a standing wave to focus the atoms.
By studying the shape of the potential, we predict that the optimal focusing conditions require large detunings and a short focal length. ese considerations are borne out by the experimental results, and allow us to focus atoms down to a size of 20 nm. is kind of atom lithography is an example of the field of atom optics, where light is used to manipulate matter which is a role reversal from ordinary optics where matter is used to manipulate light.
